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 
Abstract—A novel digital two-stage linearization filter is 
proposed for direct-detection (DD) systems and assessed 
experimentally for the first time. The performance improvement 
is quantified by experiments with a 7 × 25 Gb/s WDM DD single 
sideband 16-QAM Nyquist-shaped subcarrier modulation 
(Nyquist-SCM) system with a net optical information spectral 
density of 2.3 (b/s)/Hz. The results indicate that this technique can 
effectively compensate the nonlinearity caused by square-law 
detection while, at the same time reducing the DSP complexity, 
avoiding the need to perform the multiple iterations which are 
required in previously proposed beating interference cancellation 
methods. 
 
Index Terms—Direct detection, Nyquist-pulse shaped 
subcarrier modulation, signal-signal beat interference 
cancellation, spectrally-efficient wavelength division multiplexing.  
I. INTRODUCTION 
HORT- and medium-haul optical links/networks with 
increased throughputs are needed to meet the continuously 
increasing traffic demand. However, it is not currently practical 
to install coherent technologies in such applications due to their 
cost-sensitive nature [1]. Thus, it is still favorable to employ 
simpler direct-detection (DD) wavelength division 
multiplexing (WDM) systems for many inter-data center, 
access, metro and back-haul applications [2]. 
In DD applications, single sideband subcarrier modulation 
(SSB SCM) can be employed to achieve high information 
spectral densities (ISDs). Two SCM approaches are being 
studied for DD systems: optical orthogonal frequency division 
multiplexing (OFDM) [3] and Nyquist-pulse shaped subcarrier 
modulation (Nyquist-SCM) [4-7]. However, a nonlinear effect 
known as signal-signal beat interference (SSBI) results from 
the square-law detection and significantly degrades the system 
performance. Recently, a number of digital SSBI cancellation 
techniques have been demonstrated. Both the iterative symbol 
pre-distortion [8, 9] and iterative post-compensation [10-11] 
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techniques require multiple iterations, thus significantly 
increasing the digital signal processing (DSP) complexity. The 
single-stage linearization filter proposed in [12] can reduce 
SSBI with a very simple DSP structure, but cannot achieve the 
maximum compensation gain due to the introduction of extra 
beating interference by the technique itself; its compensation 
performance can be improved by repeating the single-stage 
linearization filter iteratively (four times or more) and using the 
stored received signal waveform [7]. A single-stage 
linearization filter combined with single-iteration SSBI 
cancellation [13, 14] avoids the need for multiple iterations but 
still has the drawback of high dependency on the accuracy of 
symbol decision making.  
In this letter, we propose a novel digital receiver-based 
two-stage linearization filter (a nonlinear filter) for DD SSB 
SCM systems. By implementing this technique, the SSBI is 
very effectively compensated without the need to perform 
multiple iterations of signal modulation and demodulation in 
the compensation DSP, which consequently leads to 
significantly lower complexity. We demonstrate the proposed 
scheme in experiments, showing that the proposed technique 
provides the highest compensation gain among the techniques 
being compared for both back-to-back and transmission 
assuming a hard-decision forward error correction (HD-FEC) 
bit error ratio threshold of 3.8  10-3. 
II. PRINCIPLE OF TWO-STAGE LINEARIZATION FILTER 
The proposed technique can be used for beating interference 
cancellation in both OFDM and Nyquist-SCM signaling. It 
consists of two stages. The first stage initially improves the 
performance by compensating the SSBI, and subsequently, the 
majority of the unwanted beating interference terms introduced 
by the first stage are eliminated in the second stage.  
At the transmitter, the SSB SCM signal (OFDM or 
Nyquist-SCM) field, E0(n), is first generated, where n is the 
discrete time index. In order to mitigate the accumulated 
dispersion during fibre transmission and low-pass filtering 
effects due to the limited bandwidth of the electrical 
components, chromatic dispersion pre-compensation (CDP) 
[15] and pre-emphasis are performed digitally. Following this, 
the real-valued optical carrier, Ecarrier is added during the 
electrical to optical conversion. After transmission and 
square-law detection, the normalized detected double-sideband 
(DSB) signal, VDD(n) can be written as: 
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 𝑉𝐷𝐷(𝑛) = |𝐸𝑐𝑎𝑟𝑟𝑖𝑒𝑟 + 𝐸0(𝑛)|
2 
= 𝐸𝑐𝑎𝑟𝑟𝑖𝑒𝑟
2 + 2𝑅𝑒[𝐸𝑐𝑎𝑟𝑟𝑖𝑒𝑟 ∙ 𝐸0(𝑛)] + |𝐸0(𝑛)|
2 
(1) 
where Re[x] signifies the real part of x. In the right-hand side 
(RHS) of this equation, the first term is the direct current (DC) 
component, the second and third terms are the desired 
carrier-signal beating products (CSBP) and the SSBI products, 
respectively. Fig. 1 shows the receiver DSP (Rx DSP) structure 
with the two-stage linearization filter. In the first stage, 
following the DC removal and sideband filtering (SF), which is 
performed by applying an ideal digital Hilbert transform filter, 
a digital representation of the filtered SSB signal (VSF1(n)) after 
square-law detection is calculated, which is then subtracted 
from the original signal. The first stage output, VLin1(n) can be 
described as follows: 
 
 𝑉𝑆𝐹1(𝑛) = 𝛼 ∙ 𝐸0(𝑛) + Λ[|𝐸0(𝑛)|
2] (2) 
 𝑉𝐿𝑖𝑛1(𝑛) = 𝑉𝑆𝐹1(𝑛) − 𝜂1 ∙ |𝑉𝑆𝐹1(𝑛)|
2 
= 𝛼 ∙ 𝐸0(𝑛) + Λ[|𝐸0(𝑛)|
2] − 𝛼2𝜂1 ∙ |𝐸0(𝑛)|
2
− 2𝛼𝜂1 ∙  𝑅𝑒[𝐸0(𝑛)
∗ ∙ Λ[|𝐸0(𝑛)|
2]]
− 𝜂1 ∙ |Λ[|𝐸0(𝑛)|
2]|2 
(3) 
 
where α is an amplitude scaling factor proportional to the value 
of the optical carrier-to-signal power ratio (CSPR), [∙] is the 
sideband filtering operator, and η1 is the scaling parameter 
which controls the first stage linearization filter’s effectiveness. 
In the RHS of equation (3), the first term is the desired SSB 
CSBP. Since only the positive frequency signal spectrum is 
demodulated, with the optimum adjustment of η1, the second 
term (SSBI) is cancelled by the third term, the remaining terms 
are the signal-SSBI (fourth) and SSBI-SSBI (fifth) beating 
interference, which are significantly lower than the SSBI 
penalty. Hence, the total amount of nonlinear distortion is 
significantly reduced with respect to the case without 
performing the first linearization stage. Note that the use of the 
SF avoids unwanted beating products which would otherwise 
be generated by the negative frequency components.  
 Following this, the signal passes through the second 
linearization stage to mitigate the signal-SSBI beating 
interference introduced by the first stage, which is written as:  
 
 𝑉𝑆𝐹2(𝑛) = 𝛼 ∙ 𝐸0(𝑛) − 2𝛼𝜂1
∙  Λ [𝑅𝑒[𝐸0(𝑛)
∗ ∙ Λ[|𝐸0(𝑛)|
2]]] − 𝜂1
∙ Λ[|Λ[|𝐸0(𝑛)|
2]|2] 
(4) 
 𝑉𝐿𝑖𝑛2(𝑛) = 𝑉𝑆𝐹2(𝑛) + 𝜂2 ∙ 𝑅𝑒[𝑉𝑆𝐹2(𝑛)
∗ ∙ Λ[|𝑉𝑆𝐹1(𝑛)|
2]] (5) 
 
where VSF2(n) is the filtered SSB signal, VLin2(n) is the output of 
the second linearization stage. The scaling factor η2 needs to be 
optimized to achieve the maximum compensation gain. The 
optimum values of the scaling factors (η1 and η2) can be found 
by sweeping η1 first and η2 afterwards while measuring the 
corresponding BERs. As can be seen from Eqs. (3) and (5), the 
optimum scaling factor values have a high dependency on the 
applied CSPR value, and thus, need to be optimized for each 
utilized CSPR value. They both reduce when the CSPR value is 
increased. Since the input of the second stage, VLin1(n) is mainly 
the desired CSBP (SSBI is compensated in the first stage), the 
estimation of the signal-SSBI beating is significantly improved 
so that the majority of the signal-SSBI beating interference can 
be eliminated after this stage, which further improves the 
compensation performance. The SSBI-SSBI beating term 
results in a very small penalty with respect to the signal-SSBI 
beating term. In order to keep the DSP simple, this is left 
uncompensated. The proposed two-stage linearization filter 
requires more than twice the DSP hardware compared with the 
single-stage linearization filter [12] due to the use of extra 
sideband filters and multipliers. However, since all the 
compensation is carried out before the SCM signal 
demodulation (DEMOD DSP), there is no need for additional 
SCM signal demodulation and modulation stages, and hence, 
its complexity is significantly lower than the previously 
proposed techniques in [10, 13, 14]. 
III. EXPERIMENTAL SETUP 
The proposed scheme was assessed experimentally in a 7 
channel WDM DD SSB 16-QAM Nyquist-SCM system using 
the optical test-bed shown in Fig. 2. First, the odd and even 
channels were generated using two IQ-modulators, which were 
driven by two digital-to-analog converters (DACs), operating 
at a sampling rate of 25 GSa/s. In the transmitter DSP, a 25 
Gb/s (at a symbol rate (fs) of 6.25 GBd) SSB 16QAM 
Nyquist-SCM signal was generated using decorrelated 215-1 de 
Bruijn sequences. Pulse shaping was carried out using 
root-raised cosine filters with a roll-off parameter of 0.1, and 
the subcarrier frequency was chosen to be 0.55 × fs. CDP was 
utilized following the modulation DSP in the case of fiber 
transmission. The WDM channel spacing was set to 10 GHz to 
 
Fig. 2: Optical transmission experimental test-bed. ECL: External cavity 
laser, OCG: Optical comb generator, EDFA: Erbium-doped fiber 
amplifier, DAC: Digital-to-analog converter, LPF: Low-pass filter, AOM: 
Acousto-optic modulator, PS: Polarization scrambler, OBPF: Optical 
band-pass filter, PD: Photodiode. 
 
 
Fig.1: Receiver DSP with two-stage linearization filter. SF: sideband filter; DEMOD DSP: SCM signal demodulation.  
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maintain the linear crosstalk penalty caused by neighboring 
channels at less than 1 dB and maximize the ISD employing the 
available components, offering a gross ISD of 2.5 b/s/Hz, and 
the CSPR value was optimized to achieve the optimum system 
performance. The optical carrier was generated by biasing the 
IQ-modulators above the null point and the biases were 
adjusted to achieve the desired CSPR values. The method used 
to accurately measure the CSPR is described in [6]. 
 A recirculating fiber loop, with a single span of 80 km SSMF 
was used for transmission. Two erbium-doped fiber amplifiers 
(EDFAs) with a 5 dB noise figure were used to compensate the 
loop loss. Following transmission, the channel of interest was 
de-multiplexed at the receiver using a 10 GHz bandwidth 
optical band-pass filter (OBPF), detected by a single-ended PIN 
photodiode, and subsequently, digitized with a single 
analog-to-digital converter (ADC) at 50 GSa/s. Note that, 
although high oversampling DAC/ADC rates were utilized in 
the experimental demonstration, for practical system 
implementation, lower sampling rates with steeper 
anti-imaging and anti-aliasing filters could be implemented in 
the transmitter and receiver, respectively with little impact on 
the performance of the compensation scheme. Following 
detection and digitization, the proposed two-stage linearization 
filter was implemented in the receiver DSP, as shown in Fig. 1. 
Its compensation performance was compared with the 
receiver-based iterative SSBI post-compensation [10] using 
hard decision decoding with rectangular decision boundaries 
and single-stage linearization filter [12]. To achieve the 
maximum compensation gain using the iterative scheme, four 
iterations were performed.  
IV. RESULTS AND DISCUSSION 
A. Optical Back-to-back Performance 
The optical back-to-back performance evaluation was carried 
out by performing amplified spontaneous emission 
(ASE)-noise loading at the receiver to measure the BER as a 
function of OSNR (measured with 0.1 nm resolution 
bandwidth, and the 25 Gb/s signal power in the measurement 
includes both the sideband signal and the optical carrier), as 
shown in Fig. 3(a) for the cases without and with SSBI 
mitigation. The CSPR value was swept from 6 dB to 14 dB and 
adjusted at each OSNR level to achieve the optimum system 
performance. For every 2 dB increase in OSNR, the optimum 
CSPR value increases by approximately 1 dB. The required 
OSNR at the HD-FEC threshold (assumed to be BER = 3.8 × 
10-3) was found to be 25.3 dB without SSBI compensation, with 
an improvement by 6.4 dB to 18.9 dB for the case with the 
proposed two-stage linearization filter, which is higher than the 
6.0 dB and 4.3 dB gains achieved using the iterative SSBI 
cancellation and single-stage linearization filter, respectively. 
As described in Section II, the proposed two-stage linearization 
filter further eliminates the majority of the introduced beating 
interference introduced by the single-stage linearization filter, 
and provides significantly improved performance. At the same 
time, since its performance does not depend on the accuracy of 
symbol decisions, it offers slightly better performance than the 
iterative scheme at lower OSNRs. From Figs. 3(b) and 3(c), it 
can be observed that after implementing the two-stage 
linearization filter, the compensated constellation is 
significantly less distorted than the uncompensated one, 
especially symbols on the periphery, which are the most 
affected by the SSBI due to their higher symbol energies.   
Due to the reduction in the SSBI, the optimum CSPR value 
was reduced by 2 dB, compared to the case without SSBI 
compensation, to achieve the maximum compensation gain 
when using the single-stage linearization filter and by 
approximately 3 dB with the two-stage linearization filter. The 
optimization of CSPR values without and with SSBI 
cancellation is shown by the BER versus CSPR plots without 
and with SSBI mitigation schemes at 29 dB OSNR in Fig. 4(a). 
The BER versus scaling factors (1 and 2) applied in the 
two-stage linearization filter at 29 dB OSNR and 11 dB CSPR 
is shown in Fig. 4(b) (dB = 10×log10(linear). The BER is 
initially reduced by the optimum adjustment of scaling factor 
1 (with 2 set to zero), following which it is further decreased 
by optimizing 2. The plot shows the sensitivity of the system 
to the scaling factor values. The optimum value of 1 is found 
to be approximately 2 dB lower than 2.  
B. WDM Transmission Performance 
Following the back-to-back performance evaluation, WDM 
transmission experiments over distances of up to 800 km of 
uncompensated SSMF were performed for cases without and 
with the SSBI cancellation approaches. The following results 
 
Fig. 3: (a) BER versus OSNR for cases without and with the iterative SSBI 
cancellation, single-stage and two-stage linearization filters (left). The 
received constellation diagrams at an OSNR of 29 dB (right), (b) without 
(EVM = 16.6 %) and with (EVM = 12.6 %) two-stage linearization filter. 
 
 
Fig. 4: (a) BER versus CSPR without and with iterative SSBI cancellation, 
single- and two-stage linearization filters at OSNR = 29 dB. (b) BER 
versus scaling factors (1 with 2 = 0, and 2 with 1 set to the optimum 
value) with two-stage linearization filter at OSNR = 29 dB, CSPR = 11 dB. 
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exhibit the performance of the center WDM channel. The 
measured BER values with respect to the transmission 
distances are plotted in Fig. 5 at the optimum CSPR and optical 
launch power. The OSNR values range from 36 dB for 80 km 
transmission to 24 dB at 800 km, and the optimum CSPR 
correspondingly decreases from 16 dB to 11 dB. It shows that 
the transmission performance is significantly improved at all 
distances by implementing the SSBI mitigation schemes. For 
WDM transmission distances of up to 400 km, the iterative 
scheme offers the best compensation performance due to the 
accurate SSBI estimation. However, its performance degrades 
at longer distances at which the OSNR is lower, as the 
back-to-back results shown in Fig. 3 suggest. For distances of 
more than 400 km, the compensation performance of the 
two-stage linearization filter surpasses the iterative scheme and 
provides the best performance. The obtained BER values of the 
two-stage linearization filter are almost halved in contrast to the 
single-stage linearization filter.  
In order to further assess the transmission performance at 
different optical launch powers, the WDM system transmission 
performance at 480 km was evaluated by plotting the BER 
versus optical launch power, as shown in Fig. 6. The CSPR was 
optimized to 13 dB without and 10-11 dB (depending on the 
SSBI compensation technique being used) with SSBI 
cancellation techniques at the optimum launch power per 
channel and kept the same for all the optical launch power 
values. It can be observed that the BER at the optimum launch 
power was reduced from 1.6 × 10-2 to 2.7 × 10-3 using the 
two-stage linearization filter, which offers the best performance 
among these techniques. Furthermore, the BER values for all 
the seven channels after implementing two-stage linearization 
filter was measured to be between 2.4 × 10-3 and 3.2 × 10-3, 
which, based on the standard 7% HD-FEC threshold of 3.8 × 
10-3, results in a net optical ISD of 2.3 (b/s)/Hz.  
V. CONCLUSIONS 
In this letter, we proposed and experimentally assessed, for the 
first time, a novel digital two-stage linearization filter for 
direct-detection single-sideband subcarrier modulation 
systems. Its compensation performance was experimentally 
assessed on a 10 GHz-spaced 7 × 25 Gb/s WDM 
single-sideband 16-QAM Nyquist-SCM direct-detection 
system. The results suggest that the proposed technique 
provides the highest compensation gain among the techniques 
being compared at the 3.8  10-3 HD-FEC threshold. 
Furthermore, since the proposed technique does not require 
multiple iterations of interference cancellation, the DSP 
complexity is relatively simple.   
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Fig. 5: BER versus transmission distance for cases without and with 
iterative SSBI cancellation, single- and two-stage linearization filters. 
 
 
Fig. 6: (a) BER versus optical launch power per 25 Gb/s channel at 480 km 
WDM transmission for cases without and with iterative SSBI cancellation, 
single- and two-stage linearization filters.  
